Decreased ability to generate a hyperventilatory response to hypoxemia is believed to be an important mechanism in the pathophysiology of sudden infant death syndrome, and maternal smoking is a leading risk factor. To investigate whether there may be a link between these two observations, we studied five Iambs at mean ages of 7, 17, and 27 d to determine the effects of an i.v, infusion of nicotine (0.5 j.Lg/kglmin) on ventilation when peripheral chemoreceptor activity was stimulated by hypoxia (0.1 Fi0 2 ) or briefly inhibited by hyperoxia. Ventilatory measurements were performed using a computer-aided occlusion valve device which permitted breath-by-breath determinations of inspiratory occlusion pressures (P0.1) and minute ventilation. Nicotine attenuated the early ventilatory response to hypoxia (min 1, 2, and 3 of the test) by 8, 26, and 37%, respectively, at the age of 7 d (analysis of variance overall, p < 0.05), by 23%, 23 and 37% at 17 d (p = NS) and by 40, 45 , and 37% at 27 d (p < 0.05). The decrease in ventilation in response to hyperoxia during the control study without nicotine was 18, 35 , and 34% at 7, 17, and 27 d, respectively. Nicotine caused a greater decrease in the response: 31, 45, and 46%, respectively, (p < 0.05 at 27 d). The paradoxical effects of nicotine, attenuation of the ventilatory response to hypoxia and augmentation of the response to A substantial number of infants who die of SIDS have been reported to have brain stem gliosis (1) and elevated hypoxanthine level s in the vitreous humor (2) , findings suggestive of repeated hypoxemic epi sodes before death. These ob servations, together with reports of altered neurotransmitter content
hyperoxia, suggest that nicotine altered peripheral chemoreceptor oxygen sensitivity and most likely also affected central processing of the chemoreceptor input. It is hypothesized that the association between parental smoking and sudden infant death syndrome is related to the adverse effects of nicotine on central control of breathing. tPediatr Res 37: 652-660, 1995) Abbreviations CB, carotid body DA, dopamine EtCO z , end-tidal CO 2 p 0.1> inspiratory occlusion pressure RR, respiratory rate SillS, sudden infant death syndrome T 1 , inspiratory time Tn respiratory cycle duration VI> inspiratory minute ventilation VT' tidal volume VTITI> mean inspiratory flow ANOVA, analysis of variance REG, regression FiO z, fraction of inspired air of the carotid bodies (3) , support the hypothesis that a decreased ability to gener ate a forceful hyp erventilatory response to hypoxemia is an important factor in the etiology of SIDS.
Of the various environmental risk factors associated w ith SIDS, maternal smoki ng, both in pregnancy and during neonatal life, is one of the most predictive (4) (5) (6) . The incidence of SIDS in children of smoking women increases in proportion to tobacco consumption; smoking more than 20 cigarettes a day increas es the relative risk 5-fold (4, 7) . There are also indications that the tim e of death coincides with actual nicotine exposure as evidenced by high levels of nicotine metabolites in pericardial fluid in almost half of infants dying of SIDS in one series (8) .
The observations of nicotine exposure as a major risk factor and a deficient hypoxic defense as a possible mechanism prompted us to investigate whether nicotine adversely affects the postnatal development of the ventilatory responsiveness to hypoxia.
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The risk of SIDS from parental smoking has usually been attributed to the well-known adverse effects on fetal and infant well-being, i.e. low birth weight and frequent upper airway infection (9, 10) . In contrast, our hypothesis was that smoking directly compromises the hypoxic defense and that this effect results from the effects of nicotine on neurotransmission. Because nicotine has powerful stimulatory effects on CB activity (11) and chronic prenatal exposure has been shown to produce long-term alterations in synaptic transmission in both rat fetuses and rat pups (12, 13) , it seemed likely that this substance has the potential to alter peripheral chemoreceptor oxygen sensitivity as well as the central processing of chemoreceptor input (14, 15) . The study was carried out in chronically instrumented lambs which were studied sequentially during the first 4 wk after birth. The ventilatory effects of an i.v. infusion of nicotine were determined when peripheral chemoreceptor activity was stimulated by hypoxia or inhibited by hyperoxia.
METHODS

Subjects.
Five lambs of mixed breed were studied at an age of 6.6 ± 0.9, 17.4 ± 2.9, and 27.4 ± 5.3 d (mean ± SD). Body weight of the lambs at the time of the studies was 6.0 ± 0.7, 9.0 ± 1.0, and 12.2 ± 1.2 kg, respectively.
Lamb preparation. The animals were instrumented at the age of 2-4 d, after they had documented good health and vigor. Catheters were inserted in the cranial tibial artery and lateral saphenous vein and a tracheostomy was performed after lidocaine infiltration anesthesia complemented by i.v. ketamine. After the tracheostomy, continuity between lower and upper parts of the trachea was reestablished through a 4-cm piece of endotracheal tube (no. 4-6, Portex, Inc., Keene, NH), allowing the lamb to breathe normally through the upper airway, when not being studied. Antibiotics (gentamicin 4 mg/kg and carbenicillin 100 mg/kg) were given daily from the time of instrumentation until the last study. A postoperative 48-h recovery period was allowed before the first study was performed. The lambs were housed with the ewe and nursed ad libitum. The research protocol was approved by the Vanderbilt University Animal Care Committee.
Equipment. The technique used for breath-by-breath measurements of P O . l ' VI' V T, RR, VTIT I , and EtC0 2 has previously been validated in this lamb model and has been found to have minimal or no effects on ventilation and breathing pattern (16) .
The tracheostomy tube of the lamb was connected to a pneumatic occlusion valve assembly, acting as a combined inspiratory and occlusion valve. The occlusion valve was positioned on the inspiratory side. An expiratory circuit containing a one-way valve served the purpose of maintaining functional residual capacity in the absence of laryngeal expiratory airflow braking was located on the expiratory side. The expiratory valve was a flap valve with an opening pressure of 0.5 em H 20 and an approximately linear resistance of 2.2 em H 20' L -1. S in the 0.1-0.25 Lis interval. These characteristics produced a pressure peak at the beginning of expiration of 2.5-3 em H 20 followed by a gradual pressure decline to a lowest pressure of 0.5 ern H 20 at end expiration.
Inspiratory airflow was determined by a HP model 21071B size no. 1 pneumotachograph (Hewlett-Packard, Waltham, MA) positioned outside the occlusion valve assembly on the inspiratory side of the occlusion valve. The pneumotachograph was calibrated with air. Therefore, the V T readings during hyperoxia were approximately 10% too high, because the viscosity of pure oxygen is higher than that of air. Airway pressure was measured by means of a catheter inserted into the trachea through a connector in the T joint. The differential pressure of the HP pneumotachograph, the tracheal pressure, and the pressure indicating occlusion valve opening were measured with three Validyne MP 45-1 differential pressure transducers (Validyne Engineering Corp., Northridge, CA). Gas for EtC0 2 measurements was sampled at a rate of 3 ml/s from the T joint, and the CO 2 concentration was analyzed in a Beckman LB2 infrared capnograph (Beckman Instruments Inc., Anaheim, CA).
Data processing. The analog signals of airway pressure, inspiratory airflow, a square-wave signal indicating valve opening, and EtC0 2 were sampled in real time, converted to digital form at 200 Hz in a 12-bit AID converter card, and stored on the disk of an AT-compatible personal computer (NEC Portable Powermate, NEC Technology, Boxborough, MA) on a breath-by-breath basis. In addition to digital storage, all signals were continuously graphically displayed on an eight-channel Hewlett Packard 8800S cardiovascular recording system. VI' V T, T I , TT> RR, VTIT I . P O . l and EtC0 2 were computed from the flow, pressure, and CO 2 recordings, respectively. These data were corrected for the increased flow produced by CO 2 sampling (3 ml/s) and for the flow (3 ml/s) needed to generate the subatmospheric pressure required to keep the membrane of the occlusion valve assembly in place.
Computations. P0.1 is conventionally defined as the negative airway pressure at 100 ms after beginning of an occluded inspiration. In more general terms, this pressure drop can be expressed as the slope of airway pressure plotted versus time, with airway pressure on the ordinate and time on the abscissa. If the unit of time on the x axis is set to 100 ms, the slope of the plotted curve will be numerically equivalent to P O . l • This more general mathematical definition, i.e. the decrease in airway pressure per 100 ms, was used in this study to calculate PO.l • During the study, the negative valve opening pressure was set to exceed by approximately 0.5 em H 20 the minimum negative inspiratory pressure of unoccluded breaths. The point of valve opening, the lowest inspiratory pressure reached during each breath, was detected, and linear regression equation of airway pressure versus time was computed. This technique obviated the need for a fixed-time occlusion, which during high respiratory rates would lead to a significant airway obstruction. Detailed information regarding the principles of this analysis is available elsewhere (17) .
Procedures. The lambs were studied only if their temperature was normal, 39-40°C, and if they did not show signs of infection or ill health. Before each investigation, the tracheal prosthesis was removed and replaced by a cuffed endotracheal tube of appropriate size. To facilitate this procedure, the lamb was lightly sedated with 0.1 mglkg i.v. diazepam. The animal was then allowed to adapt to the tube for approximately 30 min before it was connected to the recording equipment. Room temperature during the study was kept at 21-24°C.
Test protocol. Each lamb served as its own control. The test sequence consisted of a control study with measurements of resting ventilation, ventilatory response to hyperoxia, and a hypoxic challenge. The entire test sequence as outlined above was repeated 15 min after starting a continuous i.v. infusion of 0.5 fLglkglmin of nicotine bitartrate in saline. There were at least 5 min between hyperoxia tests, at least 15 min between hyperoxia tests, and at least 1.5 h between hypoxia tests.
Measurements of resting ventilation during normoxia. A representative 5-min recording of quiet breathing (approximately 200 breaths) was sampled during baseline room air conditions.
Ventilatory response to hyperoxia. During resting ventilation, the inspired gas was abruptly switched from ambient air to 100% Oz. An interval of 20 s before the switch was used as a baseline period, and the first 10 s (or first five breaths, whichever came first) after the switch were used as the test period. If the lO-s period ended between two breaths, the complete next breath was included in the analysis. The decrease in minute ventilation (expressed as percent of baseline) was used as an index of chemoreceptor response. Two tests,S min apart, were performed at each age.
Ventilatory response to hypoxia. During resting ventilation , inspired gas was abruptly switched from ambient air to 10% Oz in nitrogen which had been warmed to room temperature and humidified. The last minute before the switch was used as a baseline period. The hypoxic challenge was maintained for 10 min. No attempt was made to maintain isocapnia. An arterial blood sample for determination of PO z was obtained during each minute of hypoxia.
Statistics. Two-way ANOVA repeated measures design was used to compare the nicotine and control tests. The null hypothesis was rejected for p < 0.05. Duncan's multiple range test was then used for significance of differences at the p < 0.05 level. Linear REG was used to evaluate the effect of increasing postnatal age on the response patterns. Spearman correlation test or linear REG were used to test how respiratory variables correlated. In all types of analysis, the animals served as their own controls. Results are reported as mean ± SD. increase in respiratory rate. Nicotine infusion increased resting ventilation in every animal although the increase varied considerably, particularl y in the youngest animals, which may explain why a statistically significant difference was not attained at the age of 7 d. As a reflection of the nicotine-induced increase in ventilation, a statistically significant reduction of EtCO z was observed at 27 d. Nicotine increased mean inspiratory flow (VTn\) at all ages, and this difference was statistically significant at 27 d (Table  1) . Nicotine increased P O . l by a mean of 79 and 19%, at 7 and 17 d, respectively (Table 1) . As was the case with VI' the rise in P0.1 also varied markedly in the youngest lambs, the consequence being that the mean increase was not statistically significant.
RESULTS
Developmental changes in resting ventilation
Effects ofpostnatal age, hypoxia, and nicotine on effective inspiratory impedance. To assess whether suppositional nicotine-or hypoxia-induced changes in respiratory mechanics had affected the obtained results, the inspiratory driving force relative to the ventilatory output was estimated using determination of effective inspiratory impedance, Po.l/(VTfT l ) ratio. During the first minute of hypoxia, mean effective inspiratory impedance increased by approximately 22% across all age groups (NS). Nicotine had no statistically significant effects on the Po.l/(VTfT I ) ratio. No significant effects of increasing postnatal age were observed during either normoxia or hypoxia (Table 2) .
Developmental changes in response to hyperoxia and effects of nicotine. The ventilatory response to hyperoxia was expressed as percent change in VI from the baseline period. As illustrated in Figure 1 , the inhibitory effect of hyperoxia on ventilation increased with postnatal age both in the control studies and during nicotine infusions. The regression equation for control studies was y = -18.2 -0.58x (p < 0.05) and for (Fig. 3) .
The early ventilatory response to hypoxia (VI during the first 3 min of the test) was attenuated by nicotine in all lambs at 7 d, in four of five lambs at 17 d, and in all lambs at 27 d. At the age of 7 d, the mean response decreased by 8, 26 , and 37% during the first, second, and third minute of the test, respec- The mean response to hyperoxia during the control study was an 18% decrease in VI at 7 d, a 35% decrease at 17 d and a 34% decrease at 27 d (Fig. 2) . Nicotine augmented the inhibitory effect on ventilation in response to hyperoxia in all lambs except in one animal during the first test performed at 5 d of age. The stronger response during nicotine infusions was statistically significant only at 27 d (p < 0.05) (Fig. 2) . The wide range of the individual responses may have contributed to the lack of statistical significance at 7 and 17 d.
• •
To determine to what extent the increase in resting ventilation paralleled the stimulation of the peripheral chernoreceptors, the nicotine-induced augmentation of the response to hyperoxia was compared with the increase in resting ventilation in each individual lamb. The relationship between the increase in resting ventilation and the inhibition of ventilation by hyperoxia was not statistically significant ({3 = 0.1, p > 0.1 linear correlation r = 0.34).
Developmental changes in response to hypoxia and effects of nicotine. The increase in ventilation during the first minute of hypoxia plotted versus postnatal age varied considerably between individual lambs (Fig. 3) . The ventilatory response to hypoxia during the control studies increased significantly with Nicotine attenuated P O . I during the early response to hypoxia in four out of five lambs in every age group. The mean decrease of the early response ranged from 31 to 67%, but this difference in P O • I did not reach statistical significance due to a large individual variation among the lambs (Fig. 4) .
Analysis of control and nicotine tests with regard to the late response was performed on min 6, 7, and 8 of the hypoxia challenge, because the nicotine effect was most apparent in this interval. A statistically significant difference was observed only at the age of 17 d, when nicotine attenuated the VI response by 73, 67, and 79%, respectively (ANOVA overall, p < 0.05) (Fig. 4) . This attenuation in ventilatory response was paralleled by a decrease in P O . I which, however, was not statistically significant (Fig. 4) .
Changes in Pao z during hypoxia. Nicotine did not significantly alter mean Pao; during the baseline period before the hypoxia test at any age (Table 3) . Pao, levels between min 1 and 10 of the hypoxia tests were averaged for each lamb, and control tests were compared with nicotine tests. There was no significant influence by nicotine on POz during hypoxia at any age (Table 3) .
Comparison of ventilatory response to hyperoxia and hypoxia. The inhibitory effect on ventilation induced by hyperoxia was plotted against the stimulatory effect on ventilation induced during the first minute of hypoxia and is presented in Figure 5 . There was a statistically significant linear relationship between the response to hypoxia and the response to hyperoxia in the control studies (REG, p < 0.001). No such relationship was found during the nicotine studies.
The main finding of this study was that nicotine, which is known to increase ventilation and to stimulate carotid body discharge, depressed the ventilatory response to hypoxia in the developing lamb. Paradoxically, although the ventilatory response to hypoxia was attenuated by nicotine , the ventilatory response to hyperoxia was augmented, indicating an enhanced tonic activity of the peripheral chemoreceptors. These opposing effects of nicotine raise the speculation that stimulation of tively (ANOVA overall , P < 0.05) (Fig. 4) . At 17 d, the mean response decreased by 23, 23, and 37% (NS). At 27 d, the mean observed decrease was 40, 45, and 37% (ANOVA overall, p < 0.05). When the first minute of the response to hypoxia was compared among the three age groups, the nicotine-induced attenuation was most pronounced at the age of 27 d (ANOVA,
Attenuation of the early ventilatory response to hypoxia after nicotine was not only a reflection of an increased resting ventilation leading to lower relative response. The ventilatory response to hypoxia also decreased in absolute terms by 13 ± 24 ml : kg-I. min"! at 17 d and 68 ± 11 ml-kg-I. minl at 27 d. At 7 d, the response increased by 70 ± 68 ml : kg-I. min-I.
Analysis of V T and RR showed that the hypoxia induced increase in VI was a result of increased VT as well as increased RR. The response patterns were quite similar to the V r response to hypoxia, although the difference between control and nicotine tests were less obvious . Values are mean ± SD of five lambs studied repeatedly.
i.e. 0.5 fLg' kg-1 • min -1 as a dose likely to simulate heavy passive smoking exposure. This dose is also lower than the usual 2-6 mg : kg-1 • d-1 dose used in chronic studies to simulate nicotine exposure to the developing fetus (18, 24) . The lower of these chronic dosages has not been associated with toxic effects or neuronal damage but has been shown to have significant effects on catecholamine release and turnover (13) . Because adrenergic nerve terminals arc the prime target for nicotine, its most apparent effect is activation of the sympathetic nervous system. This general sympathetic activation, which includes a rise in metabolic rate, may, in part, account for the increase in resting ventilation as seen in this and previous studies (11) . However, the excitatory effects of nicotine on respiration are also related to stimulation of medullary chemoreceptors, vagal afferents, and peripheral chemoreceptors (11, 25, 26) . These more specific effects on respiration may explain why the stimulatory effects in this study were more apparent when the animals were older. The effects of central and peripheral chemoreceptor stimulation are generally believed to increase with postnatal age (27) .
The powerful stimulatory effect of nicotine on CB efferent discharge has been documented through direct recordings from the sinus nerve in adult cats (11) . In fact, nicotine, along with its agonist lobeline, have been used extensively as pharmacologic CB stimulants (11, 28) . Because direct measurements of peripheral chemoreceptor discharge are not possible in intact subjects, we used the hyperoxia test to estimate the effect of nicotine on CB activity, or more specifically on its tonic activity during normoxia (29) (30) (31) . Although this tonic activity usually parallels oxygen sensitivity in terms of rise in activity during hypoxemia, the correlation between these two responses may change when the CB are pharmacologically stimulated by agents known to interfere with neurotransmission, e.g. nicotine . In other words, a drug-induced increase in tonic activity may not necessarily imply that the sensitivity to decreases in arterial oxygen tension also is enhanced and vice versa. This hypothesis, that the tonic activity and oxygen sensitivity may not be equivalent under certain conditions, could explain the dissociation between the response to hypoxia and the response to hyperoxia during nicotine infusion. During the control tests, the magnitude of the response to hyperoxia followed closely the response to hypoxia. By contrast, no such relationship could be identified during the nicotine infusion tests.
Nicotine augmented the inhibition of ventilation in response to hyperoxia in all lambs except in one test performed at 6 d of age. The augmentation of the hyperoxic response after nicotine increased significantly with increasing postnatal age, i.e. the difference between control and nicotine tests increased as the lambs became older. The reason for the more pronounced effect of nicotine in the older animals is unclear, since little is known about how postnatal development influences the effects of nicotine on synaptic transmission. A possible explanation for the observed age effect might be that nicotine-induced stimulation of CB discharge is counteracted by a more marked nicotine-induced release of DA from the CB type I glomus cell terminals (32) in the youngest lambs. In the CB, DA acts as an VI Hyperoxia (% change) control • the peripheral chemoreceptors by hypoxemia as opposed to inhibition of their tonic activity by hyperoxia are mediated , in part, by separate mechanisms. However, as discussed below, the disparate effects of nicotine on the ventilatory response to hyperoxia and hypoxia cannot be fully explained unless the possibility is taken into account that the central processing of the chemoreceptor input has been altered by this drug. Inasmuch as nicotinic receptors are abundantly present in the CNS at neuromuscular junctions and in peripheral synaptic nerve terminals (18) , the physiologic effects of this drug are complex and also to a large extent dependent on the dosage and the route of administration (19, 20) . We used a constant infusion rate of 0.5 fLg' kg": min-I. A dose of 1.5-2 fLg' kg-I. min-I has been used in acute experiments to simulate cigarette-smoking in adults (21) . This i.v. dose yields plasma nicotine concentrations of 20-30 ng/ml (22) , that is approximately equivalent to smoking one pack of cigarettes a day. Plasma concentrations of infants moderately exposed to passive smoking are around 2 ng/ml (23) . By extrapolating dose-plasma concentration ratios from pharmacokinetic studies in adults (21), we elected to use one-fourth of the adult dose, inhibitory neuromodulator on chemoreception (33, 34) . Increased release or intracarotid DA infusion. has been shown to attenuate oxygen sensitivity (33) . In the rat, an age-related decrease in CB DA levels has been shown to parallel the postnatal increase in hyperoxic response (35) . In analogy, nicotine-induced DA release could be more pronounced in the youngest age group that would counteract direct stimulation of CB discharge by nicotine (36) .
Results of the hypoxia tests obtained during control conditions confirm and complement previous studies on this subject (29, 31, 37) . The ventilatory response to hypoxia increased progressively with increasing postnatal age, and a significant correlation with the response to hyperoxia was observed. In contrast to the control tests, the early response to hypoxia during nicotine infusion was of similar magnitude in all age groups. The response was attenuated compared with the control tests and did not correlate to the response to hyperoxia.
Inasmuch as the postnatal increase in ventilation during hypoxia as well as the postnatal rise in hyperoxic inhibition of breathing are ultimately determined by central integration of the chemoreceptor input, nicotine may have changed the response either by altering CB oxygen sensitivity or the central processing of carotid input, or both .
In the adult cat, Mulligan and Lahiri (38) have shown that nicotine augments CB discharge through a direct stimulation via nicotine receptors. This stimulatory effect could be abolished by mecamylamine, a ganglionic-type nicotine receptor blocker. However, the rise in CB activity during hypoxia was not altered by mecamylamine, i.e. the hypoxic stimulation was of the same magnitude when nicotine was given alone or after mecamylamine pretreatment. It can thus be inferred from these observations that stimulation of nicotinic receptors does not play a major role in mediating the ventilatory response to hypoxia in the cat (38) . Because nicotine has powerful stimulatory effects on peripheral chemoreceptor tonic discharge, but it does not enhance the rise in peripheral chemoreceptor discharge during hypoxia, these two effects may be mediated through separate mechanisms. If so, the peripheral chemoreceptors may have a "set point" and a "gain" in analogy to that being attributed to the central chemoreceptors. This concept is further illustrated in Figure 5 that shows a highly significant correlation in the control studies between the magnitude of the inhibitory effect on ventilation induced by hyperoxia (set point) and the stimulatory effect induced by hypoxia (gain). Such a relationship was not observed during the nicotine studies , suggesting that the tentative relationship between "set point" and "gain" had been altered.
While the observations of Mulligan and Lahiri (38) may explain why the hypoxic response was not augmented by nicotine, they cannot explain an attenuated response. As previously mentioned, the stimulatory effects of nicotine on the CB may be modulated by the increase in DA release. During hypoxia, the nicotinic receptors within the chemosensory tissue playa major role in modulating catecholamine release in the cat. Blocking of these receptors in vitro has been shown to decrease DA release by almost 50% (28) . Consequently, the lack of an increased ventilatory response to hypoxia after nicotine administration may be related to an enhanced DA release resulting in a moderate attenuation of the response.
An alternative explanation for why nicotine decreased the ventilatory response to hypoxia may be that nicotine enhanced DA release in the brainstem which altered the central integration of chemoreceptor input. There is a wide variety of evidence demonstrating that nicotine has potent effects on DA release in dopaminergic neurons in the CNS. One significant clinical observation is that smoking has protective effects on the development of Parkinson's disease (39) . Nicotine-induced activation of presynaptic nicotinic receptors at the dopaminergic nerve terminals in striatal and meso limbic regions has been shown to stimulate release of DA (40, 41) and to increase the number of postsynaptic dopaminergic binding sites (42) , suggesting that DA plays a role in mediating the central nicotine effects.
Drug-induced dissociation between peripheral stimulation and central inhibition has been demonstrated previously in maturing rabbits by Schramm and Grunstein (43) , who found that NaCN-enhanced peripheral chemoreceptor input during hypoxia was centrally modulated to produce ventilatory depression (43) . The evidence for the role of DA in mediating this paradoxical effect was provided by Goiny et al. (44) who demonstrated a decrease in phrenic nerve activity coinciding with an increase in DA release in nucleus tractus solitarii, an area generally assumed to be involved in the integration of CB output. Further support for a DA-mediated central inhibitory mechanism was provided by Bonora and Gautier (45) who showed that administration of the DA agonist apomorphine has a marked depressive effect on the central ventilatory response to hypoxia in the CB-denervated conscious cat. It can be inferred from these studies that, if dopaminergic mechanisms playa major role in modulating the response to hypoxia, these effects can theoretically be mimicked by nicotine administration.
To determine which mechanism most likely was responsible for blunting of the hypoxia response is, however, not possible on the basis of the present study. The purpose of this investigation was not to differentiate between central and peripheral effects of nicotine administration. Future investigations specifically devised to address this issue are needed.
Inasmuch as it could not be excluded that a nicotine influence on respiratory mechanics might account for some of the observed changes in V r , the po.r/(YTff r) ratio (46) was determined on a breath-by-breath basis during normoxia and during hypoxia. The rationale for this approach was that any significant changes in respiratory mechanics may alter the relationship between the driving force (i.e. p o . r) and the ventilatory output. No statistically significant effect of nicotine on p o . r/ (YTff r) ratio was found .
Clinical implications. Because a large number of observations suggest that hypoxemia is likely to playa role in SIDS (2), any given factor that will impair the defense mechanisms to hypoxemia may increase the probability of a fatal event.
Results of the present study suggest that nicotine, by altering the ventilatory response to hypoxia, may be a potential detrimental factor .
Our hypothesis, that nicotine increases the risk of SIDS by altering chemoreceptor oxygen sensiti vity, is supported by observations that some victims of SIDS have markedly increased DA and noradrenaline concentrations in their CB (3). Nicotine has clearly been shown to increase both DA and noradrenaline release at glomus cells terminals (32) which could account for the elevated catecholamine concentrations. If this effect is related to nicotine exposure specifically, one would expect that only a subset of infants who die of SIDS would exhibit these findings.
In the clinical scenario, attenuation of the ventilatory response to hypoxia may be important when inspiratory resistance is increased. The decreas ed ventilatory response to hypoxia observed in this study was accompanied by a decrease in central inspiratory drive , as measured by VTff\. This suggests that the decrease in the ventilatory response was due to an inhibition in respiratory center output, a finding with potential significance in a situation where an increased inspiratory effort is required, such as during airway obstruction.
The divergent effects of an acute nicotine infusion, increased tonic activity of the peripheral chemoreceptors and attenuation of the response to hypoxia, may also have another potential implication. Reflex interaction between chemoreceptor and baroreceptor stimulation during apnea reflex stimulation, e.g. from laryngeal stimulation, may lead to severe bradycardia. An augmentation of this reflex interaction has been shown in infants who subsequentl y died of SIDS (47) . Similar augmentation of reflex brad ycardia has experimentally been produced by stimulation of the chemoreceptors with nicotine (15) .
Summary. This study in young lambs has shown that an acute infusion of nicotine stimulates resting ventilation, augments the ventilatory response to hyperoxia, and attenuates the ventilatory response to hypoxia. The results indicate that the tonic activity of the peripheral chemoreceptors are enhanced by nicotine. The reduced ventilatory response to hypoxia may be a result from altered chemoreceptor oxygen sensitivity or an influence on the central processing of the chemoreceptor input , or both . The nicotine-induced attenuated ventilatory response to hypoxia may have clinical implications, because a decreased ability to generate a hyperventilatory response to hypoxemia is believed to be an important mechanism in the pathophysiology of SIDS . Based on these results, it is hypothesized that the association between parental smoking and SIDS is related to the adverse effects of nicotine on the central control of breathing.
